abstract: Human ovarian physiology is still poorly understood, with the factors and mechanisms that control initiation of follicular recruitment and loss remaining particularly unclear. Conventional hypothesis-led studies provide new data, results and insights, but datasets from individual studies are often small, allowing only limited interpretation. Great power is afforded by the aggregation of data from multiple studies into single datasets. In this paper, we describe how modern computational analysis of these datasets provides important new insights into ovarian function and has generated hypotheses that are testable in the laboratory. Specifically, we can hypothesize that age is the most important factor for variations in individual ovarian non-growing follicle (NGF) populations, that anti-Müllerian hormone (AMH) levels generally rise and fall in childhood years before peaking in the mid-twenties, and that there are strong correlations between AMH levels and both NGF populations and rates of recruitment towards maturation, for age ranges before and after peak AMH levels.
Introduction
The ovarian reserve may be defined as the remaining pool of nongrowing follicles (NGFs) in the ovary at a given age. NGFs are formed in large numbers in the fetal ovary in humans with peak population occurring at 20 -22 weeks gestation (Baker, 1963; Wallace and Kelsey, 2010; Mamsen et al., 2011) . The population decreases from this peak, largely due to atresia following follicular recruitment towards maturation. The post-menopausal ovary contains fewer than 1000 NGFs, an insufficient number to support recruitment to ovulation.
The study of ovarian function throughout life is important for biological, medical and sociological reasons. Human ovarian physiology is still poorly understood, with the factors and mechanisms that initiate and control follicular recruitment and loss through apoptosis remaining unclear. In medical terms, a more complete understanding of ovarian biology is of fundamental importance in assisted conception, and in the assessment of those young woman with cancer and other conditions who may benefit from fertility preservation. In modern western societies, there is an increasing trend towards women starting a family later in life when ovarian reserve is reduced and the menopause is approaching. A better and more complete understanding of how to estimate ovarian reserve for the individual woman would help inform her choices about the timing of having a family. Delayed child bearing in women who have a reduced ovarian reserve is now a major burden on reproductive services and may result in significant emotional and psychological distress if treatment is unsuccessful.
There is a good reason for the paucity of knowledge of human ovarian reserve throughout life: direct longitudinal assessment is currently impossible, and is likely to remain impossible for the foreseeable future. No in vivo technique for counting NGFs exists. All studies involving the estimation of NGF populations for ovaries at various chronological ages have analysed tissue post-mortem or post-oophorectomy (Block, 1952 (Block, , 1953 Baker, 1963; Richardson et al., 1987; Bendsen et al., 2006; Forabosco and Sforza, 2007; Hansen et al., 2008) . These estimates are therefore cross-sectional snapshots of populations at known ages, providing no opportunity to assess rates of NGF loss in the subjects, and hence making highly tentative any attempt to describe population trajectories at different ages and stages of reproductive life.
A partial solution to this fundamental problem is to consider indirect indicators of ovarian reserve. Endocrine factors, such as anti-Müllerian hormone (AMH) and FSH, are measurable by available serum assays. Physical factors, such as ovarian volume (OV) and antral follicle counts, are measurable by transvaginal sonography. These measurements are inexpensive, non-destructive and repeatable, allowing the possibility of large-scale longitudinal studies.
But the key research question remains: how are these measurable indirect indicators related to NGF populations for individuals of known age? Subsidiary questions include the relationships (if any) between indirect factors and NGF recruitment towards maturation, and which combinations of indirect factors (if any) best predict ovarian reserve for which age ranges.
The classical approach to this type of research question is to (i) generate a hypothesis, (ii) design an experiment, (iii) collect data and (iv) analyse and discuss. Examples include (Hehenkamp et al., 2006) and (Brett et al., 2009 ) which considered variations in AMH across menstrual cycles and precision of OV measurement by 2D and 3D ultrasound, respectively. Another common approach is to (i) recruit a cohort of subjects, (ii) collect data, (iii) report and discuss reference ranges, correlations and centiles. High-quality exemplars include (Hansen et al., 2008) and (Hagen et al., 2010) , in which NGF populations and serum AMH levels were obtained post-oophorectomy and from juvenile and adolescent volunteers, respectively. Both types of study are crucial for an incremental increase in our understanding of ovarian reserve. They are the current gold standard for scientific endeavour in this field. Another approach is to use the new genetics including micro-array analysis. This methodology has not addressed NGF numbers in individual women thus far, but has provided both detailed analysis of the involvement of key genes in determining premature ovarian insufficiency (Matzuk and Lamb, 2008) , and, more recently, large genome-wide association studies addressing the genetic determinants of age of puberty and menopause (Ong et al., 2009; He et al., 2010) .
Individual studies will typically have the advantages of standardized data acquisition and cohort selection, but the disadvantages of a restricted cohort age range and non-standard data analysis techniques. In this paper, we report initial results for, and discuss the potential of, an alternative scientific approach: the systematic aggregation and analysis of data from several existing studies. We make no claim of originality for this approach: researchers have successfully aggregated data from distinct NGF population studies to produce the first plausible models of NGF decline from birth (Faddy et al., 1992; Faddy and Gosden, 1996) . Our aim is to extend this technique, making full use of recent advances in data identification, data retrieval and data analysis.
New developments
In recent years the biomedical research environment has changed markedly. There has been an exponential increase in the amount of digitized data archived in searchable repositories. Once extracted, the data can be re-analysed using more modern techniques (often using more computationally intensive methods than those available at time of original publication), and datasets from multiple studies can be combined for analysis as a single dataset.
The increase in data availability has been matched by enhanced computational capability. Processing power has roughly doubled every 2 years since 1958, and this trend is expected to continue at least until 2015. Many of the algorithms used to model biomedical data are more than 20 years old, but improved processing power means that not only is it possible to analyse larger and more complex datasets, but also that the traditional method of fitting to a theoretically derived model can be replaced by fitting several hundred models and then ranking these by goodness-of-fit.
Moreover, increases in computational power allow us to run sophisticated model validation algorithms in those cases where validation by an external dataset is not practical. These algorithms typically involve the repeated generation of models using some of the data, followed by measurement of model error for data that was held back. This has the advantages that small datasets need not be split into test and training sets (thereby compromising predictive power), and we can guard against overfitting by analysis of the trade-off between goodness-of-fit and generalization error.
Taken together, these developments motivate and enable systematic and controlled data aggregation and univariate analysis. Notably this approach has clear similarities with that of individualized patient data meta-analyses-the major strength of which is the ability to adjust for confounders in multivariate analyses, however, the lack of provision of the original raw data can bias the included studies and conclusions. Consequently, the structure of a data-led research project might now be (i) perform a structured search for all publications relating to an indicator of ovarian reserve, (ii) import the publications and perform an iterated search based on citation information, (iii) extract raw data from selected publications and combine into a single dataset, (iv) apply knowledge-discovery techniques on the data to produce internally validated models and correlations, (v) report and discuss.
Application to the study of the NGF population
In an example of the use of this methodology, eight studies were identified that estimated NGF populations for limited age ranges (Table I) . Each study used a variation on the standard method for NGF estimation devised by Block in the 1950s: manual stereological counts of NGFs appearing in a small subset of ovarian tissue are integrated to obtain an estimate of the population for the entire ovary. Since the data were collected in a similar manner, they were collated into a single dataset (n ¼ 325) with age range 20.6 through 51.0 years (median 31.0 years). Imaginary but biologically accurate datapoints were added that forced the population at conception to be zero, and non-linear peak models were fitted to the data. After a validation process involving fitting the same models to randomly selected subsets of the data, the best model in terms of goodness-of-fit was reported ( Fig. 1 ; Wallace and Kelsey, 2010) . This model is the first that attempts to describe in quantitative terms the dynamics of ovarian reserve for all ages up to menopause. Confidence intervals (CIs) for the model were obtained, together with prediction limits that define normal NGF population ranges.
This model can then be used to assess NGF recruitment, i.e. the rate of loss of NGFs from the pool-bearing in mind that this does not distinguish between NGF activation and loss for other reasons, the degree and mechanisms of which are debated (Gougeon, 1996; Tingen et al., 2009) . Analysis of the model showed that NGF recruitment peaks at 14.2 years in the average case. If it is assumed that NGF population dynamics are similar for the general population (i.e. that the shape of the curve is similar for individuals having different peak values and ages at menopause) then NGF recruitment peaks at an average age 13-15 years in normal women ( Fig. 2 ; Wallace and Kelsey, 2010) . This is a research hypothesis derived from the detailed examination of aggregated data, and is potentially testable by reproductive biologists in the laboratory.
A second finding based on selective analysis of the aggregated data is that age is the dominant factor for differences in individual NGF populations for ages up to 25 ( Fig. 3 ; Wallace and Kelsey, 2010) . The coefficient of determination for this subset of the data is 0.95, indicating that 95% of individual variation is due to age alone. For ages from conception to menopause, this falls to 81%, despite the dataset being larger and thus expected to be more robust, indicating that (i) lifestyle and genetic factors are more important later in life, and (ii) age remains the dominant factor that explains population variations. Figure 1 The Wallace-Kelsey model of NGF populations from conception to menopause. The best model for the establishment of the NGF population after conception, and the subsequent decline until age at menopause is described by an Asymmetric Double-Gaussian Cumulative (ADC) model with parameters amplitude ¼ 5.56 (95% CI 5.38 -5.74), centre ¼ 25.6 (95% CI 24.9 -26.4), width ¼ 52.7 (95% CI 51.1 -54.2), growth shape ¼ 0.074 (95% CI 0.062 -0.085) and decline shape ¼ 24.5 (95% CI 20.4-28.6). Our model has correlation coefficient r 2 ¼ 0.81, fit standard error ¼ 0.46 and F-value ¼ 364. The figure shows the dataset (n ¼ 325), the model, the 95% prediction limits of the model and the 95% CI for the model. The horizontal axis denotes age in months up to birth at age zero, and age in years from birth to 51 years. Reproduced from Wallace and Kelsey (2010) 
Application to the study of serum AMH in healthy females
In a recent aggregation study we found 25 studies reporting normative levels of serum AMH for cohorts with limited age ranges. We aggregated the data extracted from these studies with our own data, giving a total dataset of 12 241 AMH measurements for ages from 20.3 to 68 years. Many data points were associated with women attending infertility clinics (for whom normal ovarian reserve indicators could not be assumed) or with individuals with chronic disease, such as lupus or cancer. After careful exclusion of these data, a single dataset of healthy women (n ¼ 3260, 20.3 through 54.3 years, median 28.3 years) was obtained from 20 separate sources (Table II; Kelsey et al., 2011) . After fixing AMH levels to zero at conception, a range of non-linear models were fitted to this data, with a cross-validation stage to guard against reporting a model that provides a good fit to the data but which is unlikely to generalize well to unseen data. The best model, in terms of validated goodness-of-fit, is the first quantitative model for AMH levels for the normal population from conception to post-menopausal ages ( Fig. 4 ; Kelsey et al., 2011) . As for the NGF population model, the AMH model both supports existing hypotheses and identifies new hypotheses. Consistent with previous reports (Hagen et al., 2010) our model shows that serum AMH falls shortly after birth in girls, with concentrations only increasing again after about 2 years of age. This feature is in line with evidence of a mini-puberty seen in neonatal girls (Chellakooty et al., 2003; Lee, 2003) . Secondly, our model demonstrated a non-linear decline from age 24.5, with 99% correlation to the decline reported for large infertility cohorts (n ¼ 25 435; Nelson et al., 2011a, b).
We have performed two analyses to compare NGF and AMH models, one from birth to the average age of peak serum AMH concentration (24.5 years), and a second from this age until average age at menopause (51 years). We found that from birth to peak AMH, NGF population is strongly negatively correlated with AMH (r ¼ 20.93), since NGF populations are falling while AMH concentrations are rising in general (Fig. 5) . Over the same age range AMH is positively but less closely correlated with rate of NGF recruitment (r ¼ 0.52). Close relationships were also found between AMH concentrations and NGF populations from peak AMH until the menopause. From 24.5 to 51 years both NGF population and NGF recruitment correlate well and positively with AMH (r ¼ 0.83 and r ¼ 0.88, respectively).
Our validated models have thus enabled us to examine the relationship of AMH with the dynamics of the primordial follicle pool. We can demonstrate that circulating AMH concentrations in adult women fall in line with the rate of loss of NGFs. AMH concentrations also broadly rise in line with this rate in children and young adults, but with a difference of about 10 years between the two peaks. The relationship of AMH to the total number of primordial follicles remaining in the pool for future recruitment therefore has two distinct phases, with the direction of association changing in early adulthood.
In adult women serum AMH concentrations correlate with the size of the stereologically determined primordial follicle pool (Hansen et al., 2011) , despite AMH production being restricted to later stages of follicular development. Similar data have been obtained in rodents (Kevenaar et al., 2006) . The fate of the majority of NGFs (i.e. primordial and transitional stages) in the human is unclear. However, there is evidence that the greatest contribution to this is activation of growth, following which almost all follicles undergo atresia with only very few resulting in ovulation, rather than primordial follicles undergoing atresia directly (Gougeon, 1996) . Thus the rate of loss of follicles from the non-growing population largely reflects the rate of initiation of follicle growth. It has recently been shown that initial follicular recruitment rises during childhood and adolescence (Wallace and Kelsey, 2010) , despite an ongoing decline in the primordial follicle pool (Faddy et al., 1992; Faddy and Gosden, 1996; Hansen et al., 2008; Wallace and Kelsey, 2010) . In this study, we have demonstrated that this increasing recruitment during childhood and adolescence is accompanied by a general increase in circulating AMH. In contrast, initial follicular recruitment rates decline in adult life (Wallace and Kelsey, 2010) , as do circulating AMH concentrations (Kelsey et al., 2011) in accordance with previous cross-sectional and longitudinal analyses (de Vet et al., 2002; van Disseldorp et al., 2008; La Marca et al., 2005; Nelson et al., 2011a, b) . These relationships between AMH and the age dependent changes in rate of follicular recruitment are entirely consistent with AMH being produced from the earliest stages of follicular development (Weenen et al., 2004) . Increasing age and lower AMH both independently predict reduced oocyte (i.e. growing follicle) yield following ovulation induction for assisted conception (Nelson et al., 2007; La Marca et al., 2010) , which is consistent both with this study and with the mathematical models suggesting declining follicular recruitment with increasing age (Hansen et al., 2008; Wallace and Kelsey, 2010) . For these reasons, we speculate that the strong correlations between AMH and NGF dynamics do reflect a causal link, and hence that AMH can be used as an indirect approximation of age-related NGF populations and rates of recruitment.
Our data intriguingly indicate a substantial distinction between peak follicle recruitment at puberty and peak AMH 10 years later. It is possible that this is an artefact reflecting the limitations of the data, as both sets are derived from cross-sectional sampling with limited numbers of young adults. However, if confirmed by more robustly designed studies, this may reflect that the organization of the adult follicle hierarchy within the ovary continues to mature after menarche as ovulatory cycles are initiated and become more prevalent over several years (Treloar et al., 1967; Flug et al., 1984) . The finding that during childhood AMH tends to rise with time/age while NGF number falls does not mean that individuals with highest AMH will have lowest NGF number, although you might expect them to have lowest NGF recruitment based on the known biology of AMH (Durlinger et al., 2002) . Speculatively, this might be associated with a later menopause Figure 3 Rates of NGF recruitment towards maturation. Each sub-figure describes the absolute number of NGFs recruited per month, for ages from birth to 55 years, based on population decline predicted by the ADC model. The red curve denotes recruitment for individuals whose decline is in line with the average age at menopause; maximum recruitment of 880 follicles per month occurs at 14 years 2 months. The green curve denotes recruitment for individuals whose decline is in line with early age at menopause (the lower 95% prediction limit of the model); maximum recruitment of 104 follicles per month occurs at 14 years 2 months. The yellow curve denotes recruitment in line with late age at menopause (the upper 95% prediction limit of the model); maximum recruitment of 7520 follicles per month occurs at 14 years 2 months. Reproduced from Wallace and Kelsey (2010) ; doi:10.1371/journal.pone.0008772.
Data-driven assessment of ovarian reserve (Broer et al., 2011) but our study finds the opposite, that there is a positive relationship between AMH and NGF recruitment during childhood. The relationship between AMH and NGF population seems to change in early adulthood. This may reflect the absence of larger AMH-producing follicles in childhood, which will change post-puberty thus causing a rise in AMH independent of NGF number. However, the relationship between AMH and NGF recruitment is positive both before and after the peak.
Implications
A model obtained by analysis of aggregated data serves as a series of reference points, which generate testable hypotheses. For our NGF study, the hypotheses are (i) that age is the dominating factor for variations in NGF populations [being responsible for about 80% of the variation for all ages from conception to menopause (Fig. 1) , and for about 95% for ages up to 25 years ( Fig. 2)] , and (ii) that, in general, the recruitment of NGF towards maturation peaks at 13-15 years of age (Fig. 3) . The hypotheses that arise from our AMH study are (i) that, in general, AMH levels in females fall shortly after birth, rise sharply during childhood before levelling out or even declining in pubertal years, thereafter rising to a peak level in the mid-twenties, and (ii) that about one-third of the variation in AMH levels for the healthy population is due to age alone (Fig. 4) . By considering both models together, we can speculate that (i) NGF populations are strongly and negatively correlated with AMH from birth to peak AMH, (ii) for the same age range, NGF recruitment is positively correlated with AMH but much less strongly, and (iii) for ages from peak AMH to menopause both NGF population and NGF recruitment are strongly and positively correlated with AMH, with NGF recruitment having the higher rate of correlation (Fig. 5) .
Our NGF and AMH models are testable, either directly through histological analysis or indirectly through markers of ovarian reserve. Future in vitro estimates of NGF populations can be matched against the model, either confirming accuracy or identifying systematic bias. Future measurements of serum AMH can also be matched against the model, giving an indication of how well the model predicts unseen data. The results of these tests increase our understanding of the dynamics of human ovarian biology in either case. Evidence for inaccuracies in the models will lead to improved models; supporting evidence will lead to increased confidence in the models, and, in all likelihood, another set of testable hypotheses. Reproduced from Kelsey et al. (2011) . The references relate to the bibliography section of the original paper. Age information is given as median and range, or as mean + SD depending on which form was reported in the referenced study. Detection limits are given in nanogram/millilitre. Intra-and inter-assay coefficients of variation (CV) are percentages. NS denotes not stated. For longitudinal studies we report the average age of participants at first measurement. The censored total excludes any values .54.3 years (i.e. one standard deviation above the average age at menopause). Data taken from doi:10.1371/journal.pone.0022024.t001.
In most studies involving the measurement of serum AMH, detection limits and inter-and intra-assay variations are reported as a matter of course, and are broadly similar across studies although the assay methodology also needs to be noted as there remains no recognized international standard. This supports the assumption that an aggregated dataset can be analysed as a single entity. However, the exclusion of data so that the final dataset approximates the general healthy population is not a simple process. Each paper has (Kelsey et al., 2011) , peaking at 24.5 years. The blue line denotes the decline in NGF population (Wallace and Kelsey, 2010) , with peak population at 18 -22 weeks gestation. The green line denotes the numbers of NGFs recruited towards maturation population (Wallace and Kelsey, 2010) , with peak numbers lost at age 14.2 years on average. Each quantity has been normalized so that the peak occurs at 100%. Correlation coefficients (r) are given for AMH concentrations against the other two curves for birth to 24.5 years and for 24.5 -51 years.
Data-driven assessment of ovarian reserve to be studied in detail to identify biases for inclusion or exclusion of subsets of the data. This process cannot be automated at any level: there is a requirement for intellectual input from experts in the field.
This research methodology is limited to data that can be found and retrieved. Articles published in languages other than English, or published in older, more obscure, journals that have not yet been digitized will be unobtainable and/or uninterpretable. Naming conventions can also cause problems: AMH is referred to as MIS (Müllerian inhibiting substance) in many publications. Often data are summarized by descriptive statistics, as opposed to being reported in tabular or chart form. There are well-known techniques for the re-creation of datasets from summary descriptions, but another validation step is needed before such data can be used as a reasonable approximation to the data from the original study.
The overall implication is that studies based on aggregated data add to our collective ability to accurately model ovarian reserve using both direct and indirect factors. The models and correlations obtained from these studies provide hypotheses that can be tested by traditional studies. Moreover, the results from data aggregation studies provide the estimates of event sizes needed to determine how many subjects are needed to test the hypotheses to a reasonable level of statistical significance. The resulting scientific process then becomes iterative: data from hypothesis-led studies are combined and analysed, the results lead to further hypothesis-led studies, the data from which can be aggregated anew.
